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Abstract — This  study  was  performed  to  confirm  that  acti¬ 
vated  leukocytes  are  concerned  with  Vascular  Shut  Down  ef¬ 
fect  ;  VSD  in  PhotoDynamic  Therapy  ;  PDT.  Hydrogen  per¬ 
oxide  ;H2C>2,  which  is  a  kind  of  active  oxygen  that  came 
from  monocytes,  was  made  visibility  under  the  confocal 
laser  scanning  microscope ;  CLSM,  and  tried  to  quantify 
the  amount  of  its  formation  from  the  fluorescent  inten¬ 
sity  with  image  analysis.  Fluorescence  images  acquired  by 
CLSM  were  analyzed,  and  the  fluorescence  intensity  was  ex¬ 
pressed  as  gray  level,  which  is  graded  from  0  to  255.  Only 
the  fluorescence  derived  from  a  monocyte  added  Zinc  co¬ 
proporphyrin  III ;  ZnCP-III  just  before  measurement  and 
with  HeNe  laser  irradiation  caused  fluorescence  distribu¬ 
tion  move  to  increase  as  the  time  course,  while  no  change 
of  distribution  was  especially  observed  in  other  three  con¬ 
ditions  (only  added  Zn  CP-III,  only  irradiated  with  HeNe 
laser,  Non-treated).  The  result  indicates  that  photochemical 
reaction  occurred  due  to  excitation  of  photosensitizer,  and 
active  oxygen  derived  from  the  reaction  stimulated  mono¬ 
cytes.  The  activated  monocytes,  this  time  for  themselves, 
generated  active  oxygen  and  H2O2  was  made  visibility  by 
dichlorofluorescin  ;  DCFH  fluorescence  method.  In  conclu¬ 
sion,  we  confirmed  that  activated  monocytes  by  photochem¬ 
ical  reaction  are  concerned  with  VSD  effect. 

Keywords —  active  oxygen,  photochemical  reaction,  vascu¬ 
lar  shut  down,  monocyte,  confocal  laser  scannning  micro¬ 
scope 

I.  Introduction 

Photodynamic  therapy ;  PDT  attracting  attention  as  a 
new  cancer  cure  recently  is  what  is  operated  with  photo¬ 
sensitizing  drug  in  advance  and  laser  as  excitation  light. 
The  photosensitizing  drug  is  a  substance  that  causes  pho¬ 
tochemical  reaction  by  the  irradiation  of  excitation  light 
and  leads  to  the  incidence  of  active  oxygen.  As  a  result, 
the  active  oxygen  selectively  attacks  the  area  in  which  pho¬ 
tosensitizing  drugs  collects. 

At  the  beginning,  active  oxygen,  which  occurs  due  to 
the  photochemical  reaction  caused  in  this  way,  is  thought 
to  be  the  main  factor  of  the  cytotoxic  effect,  which  is  direct 
action  of  PDT.  After  that,  it  became  clear  that  the  PDT 
occludes  blood  vessels  in  tumors  and  neovasculatures,  and 
that  it  blocks  the  tumorous  tissue  by  tissue  ischemia,  rather 
than  it  attacks  the  tumorous  tissue  itself.  And  it  has  been 
called  Vascular  Shut  Down  effect ;  VSD  effect. 

We  ascertained  that  a  leukocyte  cell  inside  the  blood  ves¬ 
sel  asked  to  contribute  to  the  VSD  effect,  with  the  exper¬ 
iment  in  vivo  and  intravital  microscopy  model.  In  other 
words,  it  was  showed  that  as  a  result  of  the  observation 
of  behavior  of  leukocytes  during  the  PDT  with  fluorescent 
staining  and  an  imageintensified  camera,  the  leukocytes  ac¬ 
cumulate  in  the  thrombus  and  have  influence  on  the  VSD 
effect  [1].  But,  as  for  the  details,  it  is  not  clear  about  how 
VSD  effect  occurs  especially  in  a  single  cell  level. 


So,  monocyte  of  Wistar  rat  was  separated,  and 
DCFH-DA  fluorescence  derived  from  activated  single 
monocyte  by  photochemical  reaction  was  observed 
under  the  confocal  laser  scanning  microscope ;  CLSM. 
In  general,  this  way  has  been  called  Dichlorofluo¬ 
rescin  (dihydrodichlorofluorescein  ;DCFH)  fluorescence 
method  and  often  used  but  in  vitro  and  in  vivo  ex¬ 
periment  also  diagnosis  of  phagocytosic  function  of 
polymorphonuclear  neutrophils  ;  PMN  in  pediatrics  [2] . 

In  this  study,  hydrogen  peroxide^CU,  which  is  a  kind  of 
monocyte  origin  active  oxygen,  was  made  visibility  under 
CLSM,  and  tried  to  quantify  the  amount  of  its  formation 
from  the  fluorescent  intensity  with  image  analysis  in  order 
to  confirm  that  activated  leukocytes  are  concerned  with 
VSD. 

II.  Methods 

A.  Chemicals 

Novo  Heparin  was  purchased  from  Novo  Nor  disk 
A/S,  Denmark.  Nembutal  Sodium  Solution  was  pur¬ 
chased  from  Abbott  Laboratories,  USA.  Lympholyte- 
Rat  (density  =  1.094  db  0.001  g/cm3  at  22  °C)  was  pur¬ 
chased  from  Cedalane  Laboratories  Ltd.,  Canada.  2’, 7’- 
dichlorodihydrofluorescein  diacetate  (2’,7’-dichlorofluo- 
rescin  diacetate ;  DCFH-DA)  was  purchased  from  Molec¬ 
ular  Probes,  Inc.,  USA.  2’,7’-DichloroFluorescein  was 
purchased  from  Polysciences,  Inc.,  USA.  Zinc  copro¬ 
porphyrin  III  tetrasodium  salt  (M.W.  =  718.094)  was 
purchased  from  Porphyrin  Products,  Inc.,  USA.  Hank’s 
Balanced  Salt  Solution ;  HBSS(-),  and  Phosphate  Buffered 
Salines  ;PBS(-)  and  1M  Tris-HCl  pH  7.5  was  purchased 
from  GIBCO  BRL,  Life  Technologies,  Inc.,  USA.  Albu¬ 
min,  Human  (Fraction  V  Powder  96-99%  Albumin)  was 
purchased  from  Sigma- Aldrich  Co.,  USA.  Ammonium 
Chloride  was  purchased  from  Wako  Pure  Chemical 
Industries. Ltd.,  Japan. 

B.  Cell  Preparation 

Monocytes  were  prepared  from  the  blood  of  male  Wistar 
rat  (Sankyou  lab.  Service  Corporation  Inc.,  Tokyo,  from  9 
to  13- weeks-old,  weighing  about  300  g)  by  means  of  density 
gradient  separation. 

Peripheral  blood  monocytes  were  isolated  from  hep¬ 
arinized  caval  blood  of  adult  Wistar  male  rat  under  anes¬ 
thesia  of  1.0  ml/kg  Nembutal,  and  the  extracted  blood 
was  layered  over  Lymphocyte-Rat  carefully  as  little  mix¬ 
ing  as  possible  at  the  interface.  After  centrifugation  for 
30  minutes  at  1500  rpm  at  room  temperature,  well-defined 
white  and  turbid  layer  at  the  interface  was  removed  and 
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transferred  to  a  new  centrifuge  tube.  After  centrifugation 
for  10  minutes  at  1500  rpm,  lysis  of  erythrocytes  was  per¬ 
formed  with  lysis  buffer  at  37°C  for  10  minutes.  The  ly¬ 
sis  buffer  consisted  of  13.5  ml  of  0.83%  Ammonium  Chlo¬ 
ride  and  1.5  ml  of  0.2  M  Tris-HCl  (pH  7.5)  and  75/d  of 
1%  Albumin  and  they  were  freshly  mixed  out  of  necessity. 
And  after  wash  once  with  PBS(-),  6-8  x  106  cells/ml  the 
monocytes  was  suspended  in  HBSS  (-)  on  ice  until  they 
were  needed. 

C.  Protocol 

DCFH-DA  was  added  to  the  cell  suspension  at  a  final 
concentration  of  5  /xM,  they  were  incubated  at  37  °C  for 
5  minutes.  Zn  CP-III  was  added  to  the  suspension  at  a 
final  concentration  of  20/ig/ml.  About  10  /A  of  the  cell 
suspension  was  dropped  onto  a  clean  microscope  slide  and 
a  cover  slip  applied.  Excess  fluid  was  expressed  and  cells 
were  observed  by  CLSM.  Both  differential  interference  con¬ 
trast  ;  DIC  and  fluorescence  images  were  obtained.  The  Zn 
CP-III  concentration  reflects  the  result  we  obtained  from 
experiments  in  vivo.  In  consequence  of  the  experiment  in 
vivo,  it  was  conformed  that  the  photosensityzer  reaches 
the  peak  of  concen-tration  of  Zn  CP-III  in  blood  just  after 
its  administration,  and  the  quantity  becomes  about  50  /a 
g/ml.  At  about  2  hours  after  the  administration,  it  comes 
to  the  half  concentration,  and  then  gradually  the  excretion 
graduates,  and  at  24  hours  after,  there  is  little  Zn  CP-III 
in  the  plasma.  So,  we  chose  concentration  of  20  fi  g/ml  at 
about  3  hours  after  administration  because  it  was  the  al¬ 
most  least  concentration  that  VSD  effect  occurs  efficiently 
and  the  rate  of  occlu-tion  was  near  100  %  . 

D.  Confocal  Laser  Scanning  Microscopy 

Determination  of  cellular  uptake  and  localization  was 
based  on  fluorometric  assay  [3] .  Cellular  fluorescence  was 
acquired  using  CLSM  (LSM410,  Carl  Zeiss  Co.,  Germany) 
equipped  with  a  63  x  objective  lens  (NA  1.4). 

To  detect  DCF  fluorescence,  a  blue  Ar  laser  (A  =  488  nm) 
and  a  515  nm  long  pass  filter  were  used  for  excitation 
and  emission  respectively  every  a  minute.  The  power 
of  Ar  laser  was  0.15  mW  and  irradiation  continued  for 
5.77  seconds.  And  except  irradiation  of  Ar  laser,  a  green 
HeNe  laser  (A  =  543  nm)  was  used  for  excitation  of  Zn  CP- 
III  to  cause  photochemical  reaction.  The  power  of  HeNe 
laser  was  0.04  mW. 

David  A.  Bass  et.  al.  showed  excitation  and  emis¬ 
sion  spectrum  of  reagent  DCF  and  of  PMNL  preincubated 
with  DCFH-DA  and  stimulated  by  phorbol  myristate  ac¬ 
etate  ;  PMA  [2] .  Their  maximal  excitation  and  emission 
wavelength  were  504  and  526  nm,  respectively. 

Nagao  et  al.  showed  the  absorption  and  fluorescence 
spectra  of  ZnCP-III  [4] . 

The  absorption  spectra  of  ZnCP-III  had  three  peaks, 
those  were  404,536,572  nm.  The  second  highest  peak  at 
536  nm  was  decided  to  be  used  in  this  measurement.  Using 
the  peak  at  536  nm  of  the  absorption  spectrum  for  excita¬ 
tion  of  ZnCP-III,  the  excitation  spectrum  of  DCF  do  not 
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Fig.  1.  The  protocol  of  Ar  and  HeNe  laser  irradiation,  (a)  Monocytes 
were  irradiated  with  Ar  laser  to  detect  DCF  fluorescence  every  a 
minute  for  five  minutes.  And  at  the  other  moment,  they  were  irra¬ 
diated  with  HeNe  laser  to  excite  Zn  CP-III  in  order  to  cause  photo¬ 
chemical  reaction,  (b)  Monocytes  were  irradiated  with  Ar  laser  for 
five  minutes  continuously,  but  image  datas  were  acquired  every  a 
minute  similar  to  the  above. 
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Fig.  2.  Evaluation  of  photobleaching  of  DCF  by  difference  of  Ar  laser 
irradiation.  DCF  solution  of  the  above  six  kind  of  concentration  were 
used,  and  the  way  of  irradiation  of  Ar  laser  was  following  the  protocol 
given  in  Fig.  1,  except  the  fact  that  HeNe  laser  was  not  irradiated  in 
this  measurement. 


overlap  it  because  excitation  wavelength  of  DCF  is  in  the 
range  470-510  nm. 

The  observation  was  performed  under  conditions  that 
satisfy  a  linear  correlation  between  the  concentration  of 
DCF  and  the  obtained  fluorescence  intensity. 

In  addition,  there  is  a  general  problem  called  photo- 
bleaching  when  fluorescence  intensity  is  measured.  Actu¬ 
ally,  the  photobleaching  of  a  photosensitizing  drug  is  also 
a  serious  problem  as  PDT  treatment  is  performed.  Fig.  1 
shows  the  protocol  of  irradiation  of  Ar  and  HeNe  laser. 
Fig.  1  (a)  shows  that  monocytes  were  irradiated  with  Ar 
laser  to  detect  DCF  fluorescence  every  a  minute  for  five 
minutes.  And  at  the  other  moment,  they  were  irradiated 
with  HeNe  laser  to  excite  Zn  CP-III  in  order  to  cause  pho¬ 
tochemical  reaction.  Whereas,  Fig.  1  (b)  shows  that  mono¬ 
cytes  were  irradiated  with  Ar  laser  for  five  minutes  con¬ 
tinuously,  but  image  datas  were  acquired  every  a  minute 
similar  to  the  above. 


3 


Fig.  3.  DIC  and  fluorescence  images  acquired  by  CLSM.  6- 
8xl06  cells/ml  monocytes  were  suspended  in  HBSS  (-),  and  incubated 
with  5  fiM  DCFH-DA  for  5  minutes  at  37  °C.  Then  20p,g/ml  ZnCP- 
III  was  added  and  the  cells  were  observed  under  CLSM.  Bar=10p,m. 


III.  Results 

A.  Photobleaching  characteristics 

Photobleaching  characteristics  of  DCF  fluorescence  are 
given  in  Fig.  2.  DCF  solution  of  six  kind  of  concentration, 
those  are  0.1  0.5, 1.0,  5.0, 10,  50  /i  M,  were  used.  The  way 
of  irradiation  of  Ar  laser  in  Fig.  2  (a)  and  (b)  was  following 
the  protocol  given  in  Fig.  1  (a)  and  (b)  respectively,  except 
the  fact  that  HeNe  laser  was  not  irradiated  in  this  mea¬ 
surement. 

Continuous  irradiation  for  5  minutes  of  Ar  laser  caused 
photobleaching,  that  is  to  say,  reduction  of  DCF  fluores¬ 
cence  intensity  obviously,  while  irradiation  of  Ar  laser  every 
a  minute  did  not  cause  definite  reduction  of  fluorescence 
intensity.  In  other  words,  longer  irradiation  of  Ar  laser 
caused  the  reduction  of  fluorescence  intensity  of  DCF.  So, 
we  decided  to  irradiate  Ar  laser  every  a  minute  to  detect 
fluorescence  shown  in  Fig.  1  (a). 

B.  Image  analysis 

In  order  to  observe  active  oxygen  derived  from  an  acti¬ 
vated  single  monocyte,  DIC  and  fluorescence  images  were 
acquired  by  CLSM.  The  experiment  consisted  of  the  fol¬ 
lowing  four  conditions. 

(a)  fluorescence  derived  from  a  monocyte  added  ZnCP- 
III  just  before  measurement  and  with  HeNe  laser  irra¬ 
diation 

(b)  fluorescence  derived  from  a  monocyte  only  added 
ZnCP-III  just  before  measurement 

(c)  fluorescence  derived  from  a  monocyte  only  with 
HeNe  laser  irradiation 

(d)  fluorescence  derived  from  a  monocyte  with  no  treat¬ 
ment 

Fig.  3  shows  typical  example  of  DIC  and  fluorescence  im¬ 
ages  acquired  by  CLSM.  The  images  were  acquired  every  a 
minute  of  a  monocyte  added  ZnCP-III  just  before  measure¬ 
ment  and  with  HeNe  laser  irradiation  following  the  proto¬ 
col  given  in  Fig.  1  (a).  The  increase  of  fluorescence  intensity 
indicates  that  H2O2  was  generated  in  a  monocyte. 


(a)Zn-CPIII  +  HeNe  laser  (N=115) 


(b)ZnCP-lll  only  (N=114) 


(c)HeNe  laser  only  (N=115) 


(d)Non  (N=109) 


Fig.  4.  Fluorescence  distribution  of  monocytes  under  above- 
mentioned  four  conditions. 


C.  Distribution  of  fluorescence  intensity 


Fluorescence  distribution  of  monocyte  under  the  above- 
mentioned  four  conditions  is  shown  in  Fig.  4.  The  values 
were  calculated  from  acquired  images  of  monocyte.  The 
fluorescence  intensity  was  expressed  as  gray  level,  which 
is  graded  from  0  to  255.  In  addition,  the  intensity  was 
averaged  eight  times  respectively,  and  reduced  to  the  back¬ 
ground  intensity  level.  Only  the  condition  (a)  caused  fluo¬ 
rescence  distribution  move  to  increase,  while  no  change  of 
distribution  was  observed  in  other  three  conditions  in  par¬ 
ticular.  Change  of  relative  fluorescence  intensity  is  shown 
in  Fig.  5.  The  intensities  were  normalized  by  those  of  the 
first  measurement  performed  before  irradiation  of  HeNe 
laser(t  =  0).  Welch  t  test  for  unpaired  samples  was  used 
to  determine  the  significance  of  differences.  There  was  a 
significant  difference  between  the  condition  (a)  and  other 
three  conditions,  (p  <  0.05) 
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Fig.  5.  Change  of  relative  fluorescence  intensity.  The  intensities  were 
normalized  with  those  before  the  irradiation  of  HeNe  laser(t  m 0).The 
data  are  expressed  as  the  mean  d=  S.D.  for  four  separate  experiments 
with  above-mentioned  number  of  cells  analyzed  for  each  experiments. 
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Fig.  6.  The  process  of  photochemical  reaction  and  activation  of 
monocytes. 


IV.  Discussion  and  conclusion 

DCFH-DA  was  first  described  by  Kenston  and  Brandt 
in  1965  [5].  This  compound  is  stable  and  no  fluores¬ 
cent  originally.  It  can  be  activated  by  alkaline  hy¬ 
drolysis  to  nonfluorescent  2’,7’-dichrolofluorescin  ;  DCFH. 
DCFH  is  rapidly  oxidized  to  highly  fluorescent  2’,7’- 
dichlorofluorescein ;  DCF  in  the  presence  of  hydrogen  per¬ 
oxide,  and  the  reaction  is  markedly  enhanced  by  peroxi¬ 
dase.  This  reaction  has  been  employed  to  measure  the  hy¬ 
drogen  peroxide  released  by  PMN.  But,  this  way  of  quan¬ 
tification  called  DCFH  fluorescence  method  has  ever  been 
used  in  flowcytometry.  So,  we  analyze  DCFH  fluorescence 
image  to  quantify  hydrogen  peroxide  as  a  single  cell  level. 

The  process  of  photochemical  reaction  and  activation  of 
monocytes  is  shown  Fig.  6.  Zn  CP-III  is  irradiated  by 
HeNe  laser  and  absorbs  the  energy.  Then  it  is  excited 
from  ground  state  to  excited  singlet  state  ;xZn  CP-III.  1Zn 
CP-III  is  going  to  return  to  a  stable  state  because  of  high- 
energy  condition  and  the  process  is  classified  into  two  types. 
One  is  the  process  in  which  1Zn  CP-III  returns  to  ground 
state  with  release  of  energy  as  fluorescence.  Another  is  the 
process  with  the  phenomenon  called  intersystem  crossing. 
1Zn  CP-III  transferred  to  excited  triplet  state  ;3Zn  CP-III. 
3Zn  CP-III  gives  an  oxygen  molecule  (triplet  oxygen ;  302) 
the  energy  and  returns  to  ground  state.  302  turns  to  sin¬ 
glet  oxygen  ;  102-  1C>2  is  generated  from  the  reaction  called 
type  II  in  this  way,  and  super  oxide  anion  radical;  O2-  is 
generated  from  the  reaction  called  type  I.  This  two  kinds  of 
active  oxygen  stimulate  monocytes.  The  activated  mono¬ 
cytes,  this  time  for  themselves,  generate  active  oxygen  and 
H2O2  among  them  is  made  visibility  by  Ar  laser  irradiation 
to  detect  DCF  fluorescence.  Takahashi  et  al.  demonstrated 
little  permeability  of  biological  membranes  to  O2-  [6] .  Con¬ 
sidering  significantly  short  diffusion  distance  and  lifespan  of 
the  two  kinds  of  active  oxygen, they  cannot  pemeate  mem¬ 
brane  of  monocyte.  So, we  can  conclude  that  H2O2  visu¬ 
alized  by  DCF  fluorescence  is  derived  from  O2-  generated 
by  monocyte. 

Fig.  3  shows  the  increase  of  fluorescence  intensity  of 


monocyte.  The  result  indicates  that  H2O2  was  generated 
in  a  monocyte  with  stimulation  by  active  oxygen  due  to 
photochemical  reaction.  Fig.  4  shows  DCF  fluorescence  in¬ 
tensity,  which  derived  from  a  monocyte  added  ZnCP-III 
just  before  the  measurement  and  with  HeNe  laser  irradia¬ 
tion  condition  (a),  only  increased.  Fig  5  shows  that  there 
was  a  significant  difference  between  the  condition  (a)  and 
other  three  conditions  (p  <  0.05).  In  addition,  whether  Zn 
CP-III  is  incorporated  in  a  monocyte  is  investigated  by  de¬ 
tecting  Zn  CP-III  fluorescence  with  HeNe  laser  excitation. 
The  fact  that  Zn  CP-III  do  not  exist  in  a  monocyte  during 
the  measurement  is  confirmed.  So,  the  increase  of  DCF 
fluorescence  intensity  was  caused  by  not  photochemical  re¬ 
action  but  an  activated  monocytes. 

In  conclusion,  we  confirmed  that  monocytes  are  acti¬ 
vated  by  active  oxygen  caused  by  photochemical  reaction. 
The  result  indicates  that  activated  monocytes  in  this  way 
are  concerned  with  VSD  effect  and  can  be  one  of  the  factor 
that  thrombus  and  blood  coagulation  occurs  when  PDT  is 
operated. 
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